Prospective studies have indicated an age-related impairment of the immune response. Carotenoids have been hypothesised to enhance immune cell function. The aim of the present study was to describe the age-related effects and the impact of in vivo dietary carotenoid depletion and repletion on specific and non-specific immunity. A total of ninety-eight healthy male subjects (aged 20-75 years) received a carotenoid-depleted diet for 3 weeks and were then supplemented daily for 5 weeks with 30 mg b-carotene, 15 mg lycopene and 9 mg lutein. Blood samples were collected at study entry, after depletion and supplementation, and biomarkers of immune status were determined. We found that serum IgA levels were positively correlated with ageing. Lymphocyte phenotyping indicated an increase with age in the memory T-helper cell subpopulation (CD4 þ CD45RO þ ) concomitantly with a decrease in naive T-helper cells (CD4 þ CD45RA þ ). A significant increase in the natural killer cells subpopulation and a small decrease in B lymphocytes were also observed, especially for the oldest volunteers. From ex vivo cell function exploration, a positive correlation was observed between age and IL-2 production of phytohaemagglutinin-stimulated lymphocytes. Neutrophils' bactericidal activity was significantly impaired with age (from 50 years) and was modulated by carotenoid status. An age effect was found on neutrophils' spontaneous migration but not on directed migration. Immune response in healthy human subjects is mostly affected by age rather than by dietary carotenoid depletion and repletion. Even in carefully selected healthy volunteers, some age-related immune changes occur predominantly from 50 years onwards. This immunosenescence could generate a loss in the immune system adjustment capacity.
In recent years, carotenoids have received a tremendous amount of attention as potential anti-cancer and anti-ageing compounds (1, 2) and many epidemiological studies have found a relationship between high carotenoid status and a low incidence of age-related diseases (3, 4) . Moreover, since the immune system plays a key role in cancer prevention, it has been suggested that carotenoid-rich food intake should be increased because of their antioxidant properties (5) , and that b-carotene may enhance immune cell function. While b-carotene depletion has been rarely studied (6, 7) , several human trials have examined the effects of b-carotenesupplementation on immune functions by measuring changes in the number of lymphocyte subpopulations and on the expression of cell activation markers (8, 9) . However, because of the large variation in dietary intakes of b-carotene and in the duration of supplementation, these works have led to inconsistent results. For example, clinical data have shown that supplementation with b-carotene stimulates the immune response in healthy adults (8 -10) and in the elderly (11) .
In contrast, other authors (6,12 -15) have reported that b-carotene supplementation had no effect on immune function. In the healthy elderly, no significant difference was found on delayed-type hypersensitivity (DTH), lymphocyte proliferation, IL-2 and PGE 2 production, lymphocyte subsets or number of natural killer (NK) cells, either after short-term (3 weeks) or long-term (12 years) supplementation with 90 mg/ d or 50mg b-carotene on alternate days, respectively (16) . However, b-carotene supplementation seems to be more effective in enhancing natural immunity (NK cell activity) than T cell-mediated immunity (17 -19) . We have previously found that the response of lymphocyte subpopulations to nutritional modifications was significantly affected by age (20) . While age-related changes in the immune system have been the subject of investigation for some decades, the ageing effect by itself (with no disease-related or pharmacological interference) on immunological adaptation to carotenoid status changes has never been reported.
The present study aimed to investigate, on healthy male subjects aged between 20 and 75 years, the carotenoids' biological actions on immune status, i.e. on both specific and non-specific immunity, as a function of the age of the subjects. For this purpose, the volunteers received a 3-week diet depleted in carotenoids by a self-controlled vegetable intake, followed by 5 weeks of their usual diet supplemented with b-carotene as well as lycopene and lutein, two other major dietary carotenoids which have become a major focus in carotenoid research (21 -24) .
Subjects and methods

Characteristics of the subjects
A total of ninety-eight healthy French male volunteers (46·7 (SEM 1·5) years) were enrolled from the French volunteer population recruited according to the SENIEUR protocol (25) for the European VITAGE project examining fat-soluble vitamin status and functions during healthy ageing (FP5-RTD, QLK1-CT-99-00 830). The volunteers were classified into six different age groups: 20 -29 years (n 19); 30 -39 years (n 17); 40 -49 years (n 18); 50 -59 years (n 18); 60 -69 years (n 19); 70 -75 years (n 7). None of the volunteers was suffering from any relevant acute or chronic disease (including diabetes, cancer, cardiac insufficiency, neurological diseases, inflammatory diseases and chronic diseases of the liver, lung or thyroid, non-stable hypertension, dementia, and infectious diseases known to affect the immune system, such as HIV and hepatitis C), had any signs of infection or inflammation or was taking any drugs known to affect the immune system (anti-inflammatory drugs, hormones, analgesics and recent vaccination) or had any special diets or dietary supplements in the past 3 months. The study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving human subjects were approved by the local Ethics Committee for human clinical research (Gabriel Montpied Hosptital and Auvergne Human Nutrition Research Center, registration number: AU342). Written informed consent was obtained from all subjects before their inclusion in the study.
Experimental design
All subjects were on a carotenoid-depleted diet for 3 weeks through decreased usual intakes of fruits and vegetables. In order to limit carotenoid intake to 25 % of the usual intakes, a nutritional training was organised to explain to the volunteers how to compose their meals to have low intakes of fruits and vegetables containing carotenoids. Together with specific recommendations to avoid some of the carotenoid-rich food, they were asked to fill in a food-frequency daily questionnaire (food consumption record) on five consecutive days. In addition, we made sure that depletion was identical whatever the age of the volunteer. We then obtained a good compliance regarding the dietary recommendations. The daily intake of energy and macronutrients was as follows: energy 10 890 (SEM 261) kJ (2600 (SEM 618) kcal); proteins 106·1 (SEM 3·6) g; carbohydrates 292·3 (SEM 8·2) g; lipids 104·3 (SEM 3·3) g. The daily intake of micronutrients was as follows: vitamin A 589 (SEM 68) mg; vitamin C 107 (SEM 8) mg; vitamin E 10·8 (SEM 0·5) mg; b-carotene 2·99 (SEM 0·26) mg; lycopene 2·49 (SEM 0·24) mg; lutein þ zeaxanthine 1·34 (SEM 0·13) mg; b-cryptoxanthine 0·16 (SEM 0·03) mg. Afterwards, participants started the 5-week repletion period taking three capsules/d containing 30 mg/d b-carotene, 15 mg/d lycopene and 9 mg/d lutein (corresponding to a total of 54 mg/d all-trans carotenoids), together with the diet usually consumed before the study. These amounts of carotenoids were determined from previous large carotenoid supplementation studies (26) . At the end of each experimental period, compliance of the volunteers was evaluated by an interview with a dietitian. Blood samples were collected into vacutainer tubes containing EDTA (BD Biosciences) at study entry (12 ml) and after the carotenoid depletion (12 ml) and repletion (6 ml) periods. Plasma was rapidly frozen at 2808C until analysis and fresh cells were immediately used for ex vivo experiments.
Plasma carotenoid analysis
Extraction of carotenoids was performed from plasma samples using ethanol containing echinenone (0·2 mg/ml) as an external standard of hexane. After desiccation, the extract was redissolved in the mobile phase (acetonitrile-dichloromethane (1:1, v/v); Fisher Scientific). Analysis by reversed-phase HPLC was performed according to a method described previously (27) . Plasma carotenoid concentrations (mmol/l) were calculated using their respective standards (Hoffmann-La Roche) in the all-trans form for b-carotene and lutein, and in both cis and all-trans forms for lycopene. A photodiode array detector supported by the Millemium 32 Chromatography Manager computing system (Waters) was used to confirm the spectrum identity of the carotenoids. Furthermore, the carotenoid concentrations in the sample were corrected by the recovery of the external standard echinenone (Sigma-Aldrich). The recovery rates were between 80 and 100 %. The CV was always lower than 10 %. Protein System; Beckman-Coulter), using human antibodies (Beckman-Coulter). Values are expressed as g/l. Soluble IL-2 receptor (sIL-2R) concentration (pmol/l) was assayed by ELISA (Immunotech SAS).
Determination of delayed-type hypersensitivity
To determine the DTH skin response, we used the Multitest CMI w skin applicator (Pasteur-BioMérieux) against seven antigens (tetanus, diphtheria, Streptococcus (C group), tuberculin, Candida albicans, trichophyton and Proteus mirabilis) and a glycerine negative control. Multitest w was applied on the arm skin for at least 5 s. The skin tests were read at 48 h after application by measuring two diameters expressed in mm using a gradual scale. Induration of 2 mm or more in diameter was considered to be positive. The cumulative score was calculated by summing the induration diameter values of all positive reactions. When several phenotypic labellings were done in one sample, cells were also labelled with each monoclonal antibody in one-colour immunofluorescence procedure to account for spectral overlap and to adjust compensation settings during flow cytometry analysis. Appropriate conjugated isotype controls were also done in each assay to account for background binding of Ig.
Determination of blood leucocyte phenotypes
Intra-assay and inter-assay CV were recorded by using a lyophilised preparation of human immune leucocytes that exhibited surface antigens (Cyto-Trol control cells; Immunotech SAS) and a suspension of fluorospheres of similar size and fluorescence intensity (Flow-Count fluorosphere; Immunotech SAS). Intra-assay and inter-assay CV were less than 2 % for all flow cytometric measurements.
Immune cell isolation
Immune cells were isolated from the whole blood on a discontinuous Ficoll -Hypaque density gradient (Histopaque 
Quantification of in vitro IL-2 and soluble IL-2 receptor production by stimulated lymphocytes
Peripheral blood mononuclear cell suspension (10 6 cells/ml) was incubated for 48 h (378C, 5 % CO 2 ) in RPMI-1640 medium supplemented with fresh L-glutamine (2 mM; SigmaAldrich), penicillin (62·5 mg/ml), streptomycin (62.5 mg/ml) and 10 % fetal calf serum (Sigma-Aldrich) and containing or not phytohaemagglutinin (PHA) from phaseolus vulgaris (5 mg/ml; Sigma-Aldrich). IL-2 ligand and sIL-2R secretions by lymphocytes were then assayed by ELISA (ELISA kit; Immunotech SAS) at study entry, after depletion and after supplementation.
In vitro polymorphonuclear neutrophil bactericidal activity and phagocytosis
To assess PMN bactericidal activity and phagocytosis, the PMN suspension (10 6 cells/ml) was stimulated for 10 min with phorbol myristate acetate (PMA, 10 26 M; Sigma-Aldrich) or opsonised zymosan (10 mg/ml; Sigma-Aldrich), respectively. PMN reactive oxygen species (ROS) production was then evaluated by the fluorescence intensity of an intracellular oxidised probe (dihydrorhodamine 123; Sigma-Aldrich), as described previously (24, 28) . Fluorescence was recorded by flow cytometry (Beckman-Coulter). ROS production by PMA-or opsonised zymosan-stimulated PMN was quantified at study entry, after depletion and after supplementation. Results are expressed as arbitrary units (AU).
In vitro polymorphonuclear neutrophil cell chemotaxis PMN chemotaxis was assessed by agarose assay (Indubiose A37; Biosepra) using formyl-methionyl-leucyl-phenylalanine (10 27 M; Sigma-Aldrich) as chemotactic factor for 90 min (378C, 5 % CO 2 ). The distances of cell migration (in mm) were then measured microscopically in the direction of the chemoattractant (directed migration, DM) and towards the control (spontaneous migration, SM). Chemotaxis index (CI ¼ DM/ SM) is expressed as the ratio of directed to SM of PMN cells.
Statistical analysis
Results are expressed as means with their standard errors. All statistical analyses were run on Statview SAS, version 5 (SAS Institute, Inc.). The experimental design comprised two cross-fixed factors with the factor 'ageing' as six groups and the factor 'nutritional treatment' as three classes (T0: baseline, T1: carotenoid depleted, T2: carotenoid supplemented). This design allowed statistical analysis by two-way repeatedmeasures ANOVA in order to discriminate between the effects of ageing, nutritional treatment, and their interaction. The level of significance was set at P,0·05 for this test. When the ANOVA indicated significant interactions, the NewmanKeuls test was used to identify differences between the individual means. When no significant interaction was found, the Newman-Keuls test was used to calculate and compare the marginal means. To assess the correlations between baseline biomarkers of immune status and age in our volunteers, Spearman's rank correlation test was used for dependent groups and the Kruskal-Wallis test was used for independent groups.
Results
Carotenoid intakes and plasma concentrations at baseline and after carotenoid depletion and repletion periods
Baseline plasma carotenoid concentrations were 0·45 (SEM 0·03) mmol/l for b-carotene, 0·31 (SEM 0·01) mmol/l for lycopene and 0·24 (SEM 0·01) mmol/l for lutein, in agreement with those published previously (29) (Table 1) . As documented by the food consumption records, the 3-week carotenoid depletion period led to a reduction in fruit, vegetable and potato intake from 472 to 254 g/d. Under these conditions, plasma levels of b-carotene, lycopene and lutein were reduced by 35, 52 and 23 %, respectively (Table 1 ). After 5 weeks of carotenoid supplementation, plasma b-carotene, lycopene and lutein concentrations were approximately 4, 2 and 1·5 times higher, respectively, compared with the baseline, and 5, 4 and 2 times higher, respectively, compared with the depletion period (P,0·01 v. baseline and depletion). Age was positively correlated with fruit and vegetable intake (r 2 0·12, P¼0·005).
A positive correlation was also found between age and both b-carotene (r 2 0·32, P ¼ 0·01) and lutein intakes (r 2 0·21, P ¼ 0·03) but not with lycopene intake.
Serum biomarkers of immune status
Among all biomarkers of immune function tested (IgG, IgA, IgM, C3, C4 and sIL-2R), none was affected by the dietary intervention with carotenoids (Table 2 ). In addition, none of these biomarkers was affected by ageing except for IgA levels, which were positively correlated with age at baseline (r 2 0·013, P,0·05). Accordingly, an age effect was found only for serum IgA levels, which were increased with age ( Fig. 1) .
Delayed-type hypersensitivity responses
Considering the DTH responses, the number of positive reactions was significantly higher in the younger group (20 -29 years) and, surprisingly, also in the older group (70-75 years) ( Fig. 2(A) ). We also observed an increase in the DTH score in the older group (Fig. 2(B) ). DTH responses were not affected by carotenoid status in our subjects, and this was observed whatever the antigen used (Table 3) .
Leucocyte phenotypes
The proportion (%) of CD3, CD4 and CD8 lymphocytes was modified neither by age (data not shown) nor by dietary intervention with carotenoids (Table 4) . Ageing was associated with a lower percentage of B lymphocytes ( Fig. 3(A) ) and NK lymphocytes were proportionally higher in elderly subjects than in young adults ( Fig. 3(B) ). At baseline, NK lymphocytes were positively correlated with age (r 2 0·157, P, 0·01). Distribution between naive (CD4 -CD45RA þ ) and memory (CD4 -CD45RO þ ) T4 cells was modified by ageing (Figs. 4(A) and (B), respectively). As expected, the percentage of CD4 -CD45RA þ was higher in young adults than in elderly subjects, and conversely, the percentage of CD4 -CD45RO þ cells was lower in young adults than in older subjects. Accordingly, CD4 -CD45RA þ cells were negatively correlated with age at baseline (r 2 2 0·178, P, 0·05), whereas CD4-CD45RO þ cells were positively correlated with age at baseline (r 2 0·194, P,0·05).
For each age group, there was no effect of dietary intervention on B cells, NK cells 
Blood leucocyte functions
In vitro IL-2 and soluble IL-2 receptor production by stimulated lymphocytes. To assess lymphocyte proliferation, we measured the in vitro production of both IL-2 ligand and Mean   SEM   T0  20 -29  0·333  0·043  0·380  0·021  0·220  0·010  30 -39  0·385  0·034  0·369  0·032  0·195  0·016  40 -49  0·345  0·034  0·269  0·023  0·221  0·016  50 -59  0·534  0·059  0·388  0·035  0·305  0·023  60 -69  0·608  0·055  0·238  0·025  0·281  0·019  70 -75  0·487  0·081  0·195  0·038  0·201  0·022  20 -75  0·449   b   0·021  0·317   b   0·012  0·242   b   0·008  T1  20 -29  0·203  0·024  0·181  0·010  0·171  0·009  30 -39  0·242  0·020  0·154  0·012  0·154  0·010  40 -49  0·224  0·022  0·125  0·010  0·167  0·013  50 -59  0·372  0·037  0·177  0·016  0·242  0·017  60 -69  0·392  0·034  0·129  0·014  0·199  0·012  70 -75  0·309  0·037  0·090  0·015  0·157  0·016  20 -75  0·288   a   0·013  0·150   a   0·006  0·185   a   0·006  T2  20 -29  1·293  0·145  0·601  0·032  0·355  0·023  30 -39  1·647  0·149  0·643  0·043  0·362  0·023  40 -49  1·832  0·218  0·633  0·043  0·411  0·028  50 -59  1·792  0·137  0·656  0·044  0·490  0·034  60 -69  1·838  0·161  0·523  0·031  0·404  0·022  70 -75  1·649  0·206  0·548  0·058  0·343  0·040 After repletion, production of IL-2 and sIL-2R returned to baseline values (57 (SEM 10) pg/l and 296 (SEM 19) pmol/l, respectively). Moreover, age affected significantly the production of IL-2 by lymphocytes ( Fig. 5(A) ) but not that of sIL-2R (Fig. 5(B) ). At baseline, IL-2 production was positively correlated with age (r 2 1·228, P,0·01). Polymorphonuclear neutrophil oxidative response. ROS production by stimulated PMN was significantly enhanced after carotenoid depletion (from 81·5 (SEM 4·7) at baseline to 134·8 (SEM 6·8), P, 0·001) independently of age (Table 5) . Carotenoid repletion restored this production to a value (87·2 (SEM 4·7)) equivalent to the baseline. Phagocytosis was not affected by carotenoid status (Table 5) .
PMN bactericidal activity was higher in subjects from any age group , 50 years compared with those from any age group $50 years at baseline (93·6 (SEM 6·2) v. 66·5 (SEM 5·4) AU, respectively, P¼ 0·003), after depletion (155·6 (SEM 10·2) v. 109·1 (SEM 6·7) AU, respectively, P¼0·007) and after repletion (94·9 (SEM 6·9) v. 77·6 (SEM 5·8) AU, respectively, P¼0·1) ( Table 5 and Fig. 6(A) ). In contrast, phagocytosis was not affected by ageing (data not shown).
Polymorphonuclear neutrophil chemotaxis. n the ninetyeight volunteers taken as a group, DM towards formylmethionyl-leucyl-phenylalanine was significantly diminished after both dietary carotenoid restriction and depletion v. baseline (Table 5) , whereas SM and CI were not affected by ageing (data not shown) nor by carotenoid status (Table 5 ). When each age group was considered separately, the CI (DM/SM) was not modified by carotenoid repletion/depletion. On the other hand, the CI significantly increased in the 70-75-year-old group, as a result of a decrease in SM in this age group (Fig. 6(B) ).
Discussion
The decline in immune function with age is unanimously recognised and supported by epidemiological and clinical studies (30) .
However, the age-related changes have led to conflicting results and these discrepancies may be partially ascribed to the population tested, i.e. presence of concomitant pathological disorders or nutritional deficiencies that may affect immune status. To overcome this problem, volunteers in the present study were recruited according to the SENIEUR protocol developed in 1984 by a collaborative study group as an attempt to define the criteria for selecting truly healthy aged individuals for immunogerontological studies (25) . This protocol sets forth strict health guidelines based on clinical and laboratory data in an effort to reduce the bias present in other studies; that is, IgA serum levels were increased with age (a#b and b#c, P, 0·05, statistical significance by age related to all three study periods) but were not affected by carotenoid status. T0, baseline ( ); T1, depletion ( ); T2, repletion ( ). and also in the older group (70 -75 years) (a#b, P, 0·05, statistical significance by age related to all three study periods) and (B) an increase in the DTH score was also observed in the older group (a#b, P, 0·05, statistical significance by age related to all three study periods). DTH responses were not affected by carotenoid status. T0, baseline ( ); T1, depletion ( ); T2, repletion ( ). 2·42  0·20  2·31  0·23  2·65  0·19  NS  Trichophyton  0·88  0·17  0·89  0·19  1·26  0·21  NS  Candida albicans  2·36  0·25  2·69  0·27  2·33  0·24  NS  Tetanus  4·18  0·36  3·71  0·29  2·61  0·26  NS  Diphtheria  1·53  0·25  1·43  0·22  1·04  0·18  NS  Streptococcus  0·93  0·20  1·43  0·22  1·08  0·18  NS  Tuberculin  5·36  0·34  5·35  0·32  5·18  0·33  NS  Cumulative score ¼ sum  17·7  0·9  17·8  0·7  16·3  0·7  A the confusion between observed phenomena caused by the natural process of healthy ageing, and phenomena attributed to age-related disease.
Age effect
In our well-defined healthy population, we found that serum IgA levels were higher in the elderly subjects, which is in agreement with other studies (31) and suggests either a complex derangement of B cell function with age (32) or a remodelling of the immune system rather than a deterioration (33) . By recruiting only male volunteers in the present study, we have excluded any possible influence of immune status by hormonal changes that occur with age in women. We also found alterations in immune capacity reflected by a greater proportion of NK cells, a decrease in B lymphocytes but a stable number of T cells. Moreover, a shift from a predominance of naive T cells towards T cells expressing memory phenotypes was observed from the youngest to the oldest age groups, as reported previously (34, 35) . This shift may result from the age-related repetition of antigenic challenges. As previously reported (35) , proportions of cells expressing CD11b and CD18 (in %) were not statistically different between young adults and older subjects. Concerning lymphocyte function, only IL-2 production by lymphocytes was significantly increased with age. As IL-2 is a major stimulator of the clonal expansion of NK cells, it might contribute to the enhancement of NK cell phenotype observed among the elderly. The present results contrast with another study performed in 65 -85-year-old individuals whose immune functions, as measured by lymphocyte proliferation and in vitro IL-2 release from PHA-stimulated lymphocyte cultures, were comparable with those of young adults aged 20 -30 years (36) . In the present study, the PMN bactericidal activity, assessed by ROS production in response to PMA activation, was significantly impaired with age, with a marked Statistical analysis by ANOVA and Newman -Keuls test: (A) the percentage of B lymphocytes decreased with age (a#b and b#c, P, 0·05, statistical significance by age related to all three study periods) and (B) the percentage of NK lymphocytes was proportionally higher in elderly subjects than in young adults (a#b and b#c, P, 0·05, statistical significance by age related to all three study periods). The percentages of B and NK cells were not affected by carotenoid status. T0, baseline ( ); T1, depletion ( ); T2, repletion ( ). Table 4 . Lymphocyte distribution (%) at baseline (T0) and after carotenoid depletion (T1) and repletion (T2) in healthy volunteers (n 98)* (Mean values with their standard errors)
NK, natural killer. * Two-way repeated-measures ANOVA was performed to discriminate among the effects of age (A; P,0·05), and dietary intervention (N; P, 0·05). None of the lymphocyte distribution varied in function of the diet.
cut-off from 50 years old. PMA is a lipophilic agent that directly activates NADPH oxidase, a key enzyme of the oxidative burst, by enhancing protein kinase C and thus stimulates the production of ROS. This implies that the cell response loses adaptive capacity with ageing. In addition, the capacity of neutrophils to migrate spontaneously is impaired in the older age group (70þ years), resulting in a higher CI. DTH skin tests assess cell-mediated immune function in vivo. The DTH response involves T cells and macrophages without involving B cells and gives a measure of the individual ability to develop a cell-mediated immune response when challenged with a subcutaneous injection of a group of antigens to which they have been previously exposed. We observed enhanced DTH responses in the younger group (20 -29 years) and, surprisingly, also in the older group (60 -75 years). This result may be explained by good vaccination status in young adults and could be linked to booster doses in elderly people.
Dietary effect
In the present study, we also analysed the immune status and functions after depletion and repletion of carotenoids which are powerful antioxidants protecting the cells from damage caused by free radicals. Carotenoids, in particular b-carotene, are also believed to enhance the functions of the immune system. The observation that b-carotene has immuno-enhancing effects independent of its conversion to vitamin A (37) has stimulated interest in the possible immunoenhancing effect of other carotenoids such as lycopene and lutein with basal plasma concentrations that are 2-to 5-fold lower than those of b-carotene (21, 24) . In healthy male nonsmokers, 26 d supplementation with lycopene or lutein (15 mg daily) did not have an impact on the expression of monocyte surface molecules as significantly as did b-carotene supplementation at the same dose (22) . Moreover, in healthy elderly human subjects, a 12-week supplementation with low doses of lycopene (13 mg) and b-carotene (8 mg) did not significantly alter the in vitro proliferation of PHA-stimulated peripheral blood mononuclear cells (23) . In the present study, with higher doses of lycopene and b-carotene (15 and 30 mg, respectively), IL-2 production in PHA-stimulated peripheral blood mononuclear cells was not significantly altered. Actually, only a few specific immunity-related parameters were statistically modified by changing the level of carotenoid intake and status. In lymphocytes, both carotenoid deficiency and excess have been suggested to affect the expression of various genes and the risk of genome instability, and to inhibit cell growth (38, 39) .
Here, we found that CD45RO þ cell distribution was decreased than in elderly subjects (a#b, b#c and c#d, P, 0·05, statistical significance by age related to all three study periods) and (B) conversely, the percentage of CD4 -CD45RO þ cells was lower in young adults than in older subjects (a#b and b#c, P, 0·05, statistical significance by age related to all three study periods).
The percentage of CD4 -CD45RA þ cells was not affected by carotenoid status whereas that of CD4-CD45RO þ cells was significantly decreased after repletion, as indicated in the text. T0, baseline ( ); T1, depletion ( ); T2, repletion ( ).
after carotenoid supplementation, suggesting that additional carotenoid intake may have an inhibiting effect in these cells. Concerning lymphocyte function, sIL-2R production was increased after carotenoid depletion and then returned to baseline after supplementation. The release of this soluble form of membrane-bound IL-2R by ex vivo activated cells is considered as a marker of cell activation. Although it can bind to IL-2, it does so with a low affinity, enabling it to compete (A) the production of IL-2 by lymphocytes was significantly increased with age (a#b and b#c, P, 0·05, statistical significance by age related to all three study periods) and (B) the production of sIL-2R was barely affected in function of age (a#b, P, 0·05, statistical significance by age related to all three study periods). In most of the age groups, carotenoid depletion induced an increase in the secretion of both IL-2 and sIL-2R, although this increase was not significant. After repletion, production of IL-2 and sIL-2R returned to baseline values. T0, baseline ( ); T1, depletion ( ); T2, repletion ( ). with IL-2 binding to high-affinity receptors on the cell surface. It has no physiological role except of being a marker of activated cells (40) . The present results contrast with those obtained by Daudu et al. (6) who found that neither depletion nor repletion of b-carotene significantly affected in vitro secretion of SIL-2R. This discrepancy can be explained by methodological differences such as the duration of depletion (68 v. 21 d), the daily dose of b-carotene supplementation (9 v. 30 mg), the number (12 v. 98) and the sex (female v. male) of subjects. Considering the non-specific immune system, the present data reveal that variations in carotenoid intake alter some but not all neutrophil functions. DM of neutrophils towards formylmethionyl-leucyl-phenylalanine was reduced after the relatively short-term dietary carotenoid restriction and after carotenoid repletion. While neutrophil phagocytosis was not influenced by the restriction in our conditions, the bactericidal capacity was dramatically increased. We observed that PMAstimulated PMN from carotenoid-depleted subjects had an increased ROS content, supporting the protective properties of carotenoids at physiological levels against oxidative stress (41) . However, the high ROS content in PMN might also be explained by an imbalance between the production of ROS and antioxidant molecules present in the cell. In addition, in vivo carotenoid repletion normalised the ROS content in PMN. This observation clearly demonstrates that carotenoids modulate the amount of ROS in PMN during oxidative burst, possibly by a quenching effect. However, some authors (42) observed that repletion with b-carotene (15 mg/d during 4 weeks) of previously carotenoid-depleted healthy male adults did not affect superoxide production by PMA-stimulated PMN. In this latter study, in spite of a lack of variation in ROS production, supplementation with b-carotene reduced serum lipid peroxide concentrations and an inverse relationship between serum b-carotene and lipid peroxide levels was also noted (42) . Another hypothesis for the effects of carotenoids on PMN ROS concentration could be a modulatory effect of these micronutrients on the enzyme activities implicated in the ROS biochemical pathway. Dixon et al. (43) ROS production from PMA-stimulated PMN decreased with age (a#b, P, 0·05, statistical significance by age related to all three study periods) and a cut-off was observed from 50 years onwards. This ROS production was significantly enhanced after carotenoid depletion and restored to the baseline after carotenoid repletion, as indicated in the text and in Table 5 and (B) PMN chemotaxis index was affected by age only in the older age group (a#b, P,0·05, statistical significance by age related to all three study periods). However, the chemotaxis index was not affected by carotenoid status. T0, baseline ( ); T1, depletion ( ); T2, repletion ( ). AU, arbitrary units; DM, directed migration; SM, spontaneous migration.
Girodon et al. (44) failed to show any modification of the superoxide dismutase activity in human subjects receiving b-carotene supplementation (6 mg/d) during 2 years. The biological effects of carotenoids on the ROS biochemical pathway may be limited by the cellular concentration of other antioxidants and ROS precursors. These latter points need to be elucidated by additional studies. Finally, we found that DTH responses were not altered after carotenoid depletion and repletion periods, suggesting that there is no relationship between carotenoid status and DTH responses during ageing.
In conclusion, the present data confirm the age-related impairment of the immune response, in particular PMN bactericidal activity, in healthy human subjects. In addition, the present study suggests that in well-nourished healthy individuals, bactericidal activity may be modulated by carotenoids in the absence of an age effect. The present results emphasise the importance of an optimal carotenoid supply to limit the detrimental effects of neutrophil oxidative burst, especially in undernourished people and particularly in the elderly.
